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The effect of partial defoliation, :eaf position and developmental stage of the vine on the photosynthesis, stomatal 
resistance and transpiration of Vitis vinifera L. cv Cabernet Sauvignon was investigated. 
Partially defoliated vines displayed a higher rate of photosynthesis, generally increasing with degree of defoliation. 
The highest photosynthetic rates were found for the apical leaves, while those of the leaves opposite and below the 
bunches were restricted. Generally, rate of photosynthesis declined as the season progressed. 
The course of transpiration rate and stomata! resistance correlated with that of the rate of photosynthesis. However, 
transpiration and photosynthesis correlated poorly in the case of the apical leaves. In general, photon flux density and 
relative humidity at the leaf surface increased with an increase in defoliation percentage for all leaf positions. Leaf 
temperature was not significantly affected by partial defoliation. 
The results of the investigation suggested that excess vegetative growth is detrimental to interior-canopy microclimate 
as well as the photosynthetic rate of the entire vine. Partial defoliation seemed to provide a means to reduce some of 
the deleterious effects of vigorous growth. 
It is commonly observed that vegetative growth in 
South African vineyards tends to be excessively vigo-
rous. This situation may result in poor canopy microcli-
mate and eventually reduced grape quality (Smart, 
1973; 1980; 1985; Koblet, 1977; 1984; Kliewer, 1980; 
Smart et al., 1985a, 1985b) and productivity (Shaulis, 
Amberg & Crowe, 1966; May, Shaulis & Lemon, 1982; 
Koblet, 1984). 
Partial defoliation of Cabernet Sauvignon, in an en-
deavour to reduce vegetative growth and the source : 
sink ratio, to stimulate metabolic activity and to im-
prove canopy microclimate, induced higher photosyn-
thetic effectivity of the remaining leaves as well as an 
increase in assimilate supply to the bunches (Hunter & 
Visser, 1988a; 1988b). The basal leaves, in particular, 
were found to be very important in fruit development 
during the entire growth season. Demand for assimi-
lates, leaf age, and a suitable microclimate seemed to 
be of the utmost importance for maximum photosyn-
thetic capacity. According to Kriedemann (1977), gen-
etic factors primarily limit photosynthetic capacity by 
their effects on overall demand for photosynthetates 
and partitioning of assimilates between vegetative and 
reproductive growth. The rate of photosynthesis and 
associated reactions, i.e. stomata! resistance and tran-
spiration of grape-vine leaves, are affected by light in-
tensity (Kriedemann, 1968; 1977; Smart, 1974a; Klie-
wer, 1980; Koblet, 1984), intermittent light (Krie-
demann, 1968; Koblet, 1984), temperature (Kriede-
mann, 1968; 1977; Alleweldt, Eibach & Riihl, 1982; 
Koblet, 1984; Sepulveda & Kliewer, 1986; Sepulveda, 
Kliewer & Ryugo, 1986), relative humidity (Sepulveda 
& Kliewer, 1986), C02 and 0 2 concentrations (Kriede-
mann, 1968; 1977), leaf age (Kriedemann, 1968; 1977; 
Kriedemann, Kliewer & Harris, 1970; Pandey & Far-
mahan, 1977; Alleweldt et al., 1982; Koblet, 1984), 
moisture supply (Smart, 1974b; Hofacker, 1976; 
Kriedemann, 1977; Alleweldt & Riihl, 1982), seasonal 
patterns and crop load (Kriedemann, 1977). 
Apart from 14C-translocation studies at different de-
velopmental stages (Hale & Weaver, 1962; Quinlan & 
Weaver, 1970; Koblet & Perret, 1971; 1972; Koblet, 
1975; 1977; De La Harpe, 1984; Hunter & Visser, 
1988a; 1988b), the rate of photosynthesis of grape-vine 
leaves as affected by partial defoliation and develop-
mental stage of the vine has only been sparsely investi-
gated (Kriedemann, 1977; Pandey & Farmahan, 1977; 
Hofacker, 1978). Consequently, this investigation deals 
with the effect of partial defoliation, leaf position and 
developmental stage of the vine on the photosynthesis, 
stomata! resistance and transpiration of Vitis vinifera L. 
cv. Cabernet Sauvignon. 
MATERIALS AND METHODS 
Experimental vineyard 
Details of the experimental vineyard used were given 
by Hunter & Visser (1988a). 
Experimental design 
The experiment was laid out as a completely rando-
mised 3 x 4 x 4 factorial design. The three factors were: 
defoliation treatments, applied to the whole vine (0%, 
33%, 66% ); measurement of physiological and en-
vironmental factors at four positions on one shoot per 
vine (opposite and below the bunches; basal; middle; 
apical); and developmental stages (berry set, pea berry 
size, veraison, ripeness). The basal, middle and apical 
leaf positions were defined according to leaf number on 
the shoot. The measurements were done at each of the 
four developmental stages. There were nine repli-
cations, comprising one vine per plot, for each of the 48 
treatment combinations. 
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Defoliation treatments 
The defoliation treatments were initiated from ap-
proximately one month after budding and consisted of 
removing the first leaf out of every three leaves (33%) 
and removing the first two leaves out of every three 
leaves ( 66%) starting at the basal end of the shoot. All 
shoots, including lateral shoots, were treated likewise. 
Defoliation percentages were maintained until each 
sampling stage, i.e. leaves emerging after the initial de-
foliations were removed in the same manner as de-
scribed above at approximately monthly intervals. 
Measurements 
Rate of photosynthesis (mg CO,/dm2/h), stomata! re-
sistance (s/cm), rate of transpiration (µ,g H,O/cm2/s), 
photon flux density (PFD) (W/m'), percentage relative 
humidity and leaf temperature (0 C), were measured us-
ing an ADC portable photosynthesis meter (supplied 
by The Analytical Development Co. Ltd., England). 
The photosynthesis apparatus consisted of an infra-red 
CO, analyser, a data logger, a Parkinson broad leaf 
chamber (volume = 16 cm3, area = 6,25 cm'), and an 
air supply unit (length of sample tube = 4 m). Radia-
tion was measured using a quantum sensor with filters 
providing response over 400nm to 700 nm. Being un-
known, the maximum vapour pressure (Em") was taken 
as two. The air flow rate through the open system was 
adjusted to 300 cm3/min. Measurements were carried 
out between 10h30 and 14h00 on the day scheduled. 
The maximum ambient temperatures for the days 
scheduled at berry set, pea size, veraison and ripeness 
were 27,4°C, 23,0°C, 23,5°C and 21,2°C, respectively. 
Statistical analyses 
A standard YORI factorial statistical software pack-
age was used to test significant differences among treat-
ment means. The same program was used to determine 
correlation coefficients. 
RESULTS AND DISCUSSION 
Because no significant interactions between defolia-
tion percentage and developmental stage of the vine 
were found for any of the leaf positions, only the main 
effects, namely defoliation percentage and develop-
mental stage, were considered. The figures therefore 
depict either averages over stages or averages over de-
foliation treatments, while data over both factors were 
used to calculate the correlation coefficients provided 
in the table. 
Rate of photosynthesis: The photosynthetic rates of 
Cabernet Sauvignon leaves, which ranged from 
2,64 mg CO/dm2/h to 14,09 mg CO/dm2/h (Fig. 's. la & 
b), are comparable to those found for other cul ti vars 
(Kriedemann, 1968; 1977; Wareing, Khalifa & Tre-
harne, 1968; Kriedemann & Lenz, 1972; Hofacker, 
1976; 1978; Marini & Marini, 1983; Tan & Buttery, 
1986). 
Partial defoliation (33% and 66%) in all cases stimu-
lated the photosynthetic rate, generally increasing with 
an increase in the degree of defoliation (Fig. la). This is 
in general agreement with the findings of Hodgkinson 
(1974), Kriedemann (1977), Hofacker (1978) and 
Hunter & Visser (1988b). The apical leaves of all treat-
ments displayed the highest rate of photosynthesis, 
which support other findings that young, actively grow-
[a) 
14 §o 
~ UJ 33 % OEFOL!A TION 
~ 12 §366 
0 
~ 
UJ ;,; 
~ g 
0 
:r: 
n. 
; 
UJ 
~ 
« 
0: 
0 
u 10 
~ 
.§ 
20 
15 
10 
5 
BUNCH LEAVES 
o BERRY SET 
• PEA SIZE 
o VERA.ISON 
* RIPENESS 
a 
a o 
~ ,b b 
'~. 
BUN::::H LEAVES 
0 
0 b 
8A5At LEAVES MIDDLE LEAVES APICAL LEAVES 
LEAF POSITION 
(b) 
0 
a 
\b 
0 
• 
. b b b/ \, D-A-o' a a ,a . 
\b b o--.._*c 
'~. 
BASAL LEAVES ~IDDLE LEAVES APICAL LEAVES 
LEAF POSITION 
FIG. I a & b 
The effect of (a) defoliation, (b) developmental stage of the vine, and 
leaf position on the rate of photosynthesis of Cabernet Sauvignon 
leaves. Values designated by the same letter do not differ significant-
ly (p.S0,05) for each plant part. 
ing leaves are largely photosynthetically self-sufficient 
(Kriedemann & Lenz, 1972; Hunter & Visser, 1988a). 
Evidently, the deeper into the canopy the leaves were 
situated, the more the rate of photosynthesis declined. 
Photosynthetic rate of the leaves opposite and below 
the bunches (bunch leaves) was very low, especially for 
the control vines (0% defoliation). This is also evident 
from Fig. 2, which shows the percentage photosynthetic 
rate of the bunch leaves, basal leaves, middle leaves 
and apical leaves in relation to the mean photosynthetic 
rate of all the leaves on the shoot for each defoliation 
treatment during the growth season. It seems that the 
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The effect of defoliation on the percentage photosynthetic rate of 
leaves in different positions in relation to the mean photosynthetic 
rate of all the leaves on the shoot. 
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percentage photosynthetic rate of the basal and middle by Kriedemann (1977) and Hunter & Visser (1988a; 
leaves of the partially defoliated vines is higher than 1988b ). Possible reasons for this phenomenon were set 
that of the control vines, but is noticeably lower than out in the latter papers, i.e. an increasing senescence, 
that of the control in the case of the apical leaves. Com- an increase in sugar concentration, decreases in amino 
paratively, the photosynthetic contribution of the acids and organic acids and a decreased demand for as-
bunch leaves in all cases was relatively low. This con- similates from other sinks. The increase in photosyn-
firms the conclusion by Hunter & Visser (1988a; 1988b) thetic rate of the apical leaves at ripeness corresponds 
that the leaves opposite and below the bunches do not to that found by Hunter & Visser (1988a; 1988b). 
substantially contribute photosynthetates to the bun- Stomata[ resistance: The stomata! resistance values, 
ches. which vary from 1,24 s/cm to 6,18 s/cm, are presented 
These results support the concepts of other investiga- in Fig's. 3a & b. These results are comparable to those 
tors that a dense canopy, receiving insufficient sunlight, found for other cultivars (Hofacker, 1976; 1978; Sepul-
is deleterious to the photosynthetic capacity of espe- veda & Kliewer, 1986; Tan & Buttery, 1986; Van Zyl, 
cially the interior leaves (Shaulis et al., 1966; Smart, 1986). 
1973; 1974a; 1985; Kriedemann, 1977; Kliewer, 1980; Lowest stomata! resistance was found for the apical 
Marini & Marini, 1983; Koblet, 1984). However, de- leaves in all cases (Fig. 3a). These values correspond to 
mand for assimilates from vegetative as well as repro- the 2 s/cm to 3 s/cm required for maximum rate of 
ductive sinks could also have greatly increased with in- photosynthesis (Kriedemann, 1977), which was also 
creasing degree of defoliation, causing the leaves on the verified in this investigation (Fig. la). Stomata! resis-
partially defoliated vines to photosynthesize more ac- tance of the control vines in all cases was highest, while 
tively. This would substantiate the findings of Kriede- the values generally decreased with increasing percent-
mann & Lenz (1972), Hofacker (1976; 1978) and age defoliation. Similar results were obtained by 
Kriedemann (1977). According to Wareing, Khalifa & Hofacker (1978). 
Treharne (1968) competition among leaves for mineral 
nutrients as well as possibly hormones such as cytoki-
nins, originating in the roots, might also contribute to 
an increased photosynthetic rate. 
From Fig. lb it is evident that rate of photosynthesis 
of the middle, basal and bunch leaves declined as the 
growth season progressed. Similar results were found 
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The effect of (a) defoliation, (b) developmental stage of the vine, and 
leaf position on the stomata! resistance of Cabernet Sauvignon leav-
es. Values designated by the same letter do not differ significantly 
- (p"'0,05) for each plant part. 
Although it would seem that stomata! resistance in-
creased as the growth season progressed, peak resis-
tances mostly occurred at veraison stage, with a decline 
thereafter (Fig. 3b). 
Rate of transpiration: Values for the rate of transpira-
tion, which ranged from 2,82 µg HP/cm2/s to 11,78 µg 
H20/cm2/s (Fig's. 4a & b) compare well with those 
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found by Smart (1974b) for the leaves of irrigated Shi-
raz vines. Similar to the rate of photosynthesis (Fig. 
la), transpiration rates generally increased with an in-
crease in degree of defoliation (Fig. 4a). Transpiration 
generally decreased the deeper into the canopy the 
leaves were situated. Similar results were reported by 
Fails, Lewis & Barden (1982). 
A general decline in transpiration rate occurred as 
the leaves aged during the course of the growth season 
(Fig. 4b). Similar to photosynthesis (Fig. 1 b) and sto-
matal resistance (Fig. 3b), it would seem that transpira-
tion did not change much from veraison to ripeness 
stage, except for the bunch leaves where it decreased 
sharply. The former can probably be explained by a re-
commencement of vegetative growth at ripeness stage 
as suggested by Hunter & Visser (1988a; 1988b). 
Transpiration : photosynthesis ratio: These ratios are 
given in Fig's. Sa & b. It is evident that for all different 
leaf positions, the ratio tended to decline with increas-
ing degree of defoliation (Fig. Sa). Although a conco-
mitant increase in both photosynthesis (Fig. la) and 
transpiration (Fig. 4a) was found, the transpiration : 
photosynthesis ratio implies that C02 was relatively 
more effectively utilized with increasing degree of defo-
liation. These results confirm the commonly observed 
more effective use of leaf area when the size of the 
source is reduced in relation to the size of the sinks 
(Buttrose, 1966; May et al., 1969; Kliewer & Antcliff, 
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1970; Kriedemann, 1977; Hofacker, 1978; Johnson, 
Weaver & Paige, 1982). The ratio increased the deeper 
into the canopy the leaves were situated, verifying the 
well-known photosynthesis inhibiting effect of shade in 
the canopy interior. 
Carbon dioxide was more effectively assimilated at 
ripeness than at berry set stage for all the leaves on the 
shoot (Fig. Sb). It would therefore seem that although 
the capacity to metabolize C02 , i.e. rate of photosyn-
thesis (Fig. lb), as well as transpiration (Fig. 4b) de-
clined and stomatal resistance increased (Fig. 3b), C02 
exchange between the leaf interior and the atmosphere 
improves when leaves age. A better influx of C02 could 
be due to the more open structure of the palisade and 
mesophyll tissues of mature or senescent foliage 
(Kriedemann et al., 1970) and to the decrease in selec-
tive permeability of membranes of aged leaves (Sacher, 
19S7). 
Photon flux density: The photon flux density (PFD) 
values (W/m2) are given in Fig's. 6a & b. The irradiance 
at the apical leaf position for non-defoliated vines cor-
responds to that needed for maximum photosynthetic 
rate of young grape-vine leaves, while those at the mid-
dle and basal leaf positions are in accordance with the 
findings for old leaves (Kriedemann, 1977). Evidently, 
sunlight penetration increased with increasing defolia-
tion percentage (Fig. 6a). Definite light saturation re-
sponses occurred with increasing defoliation percent-
age from the basal to the apical leaf position. The PFD 
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The effect of defoliation and the response of photosynthesis (Pn) to 
increasing PFD levels at the different leaf positions. 
levels for the apical leaves did not differ significantly 
between treatments, though there was a slight increase 
with increasing degree of defoliation. According to 
Smart (1974a) rate of photosynthesis depends on the 
total light flux density onto leaf surfaces, which can be 
direct and/or diffused light, with the former the main 
determinant in sunny climates. Since light intensity at 
the bunch leaf position is greatly reduced, the foregoing 
might explain the low rate of photosynthesis found for' 
the bunch leaves (Fig. la & b ). Although the rate of 
photosynthesis of the bunch leaves and the basal leaves 
of the different defoliation treatments (Fig. la) corre-
sponded to the PFD patterns, the photosynthesis of the 
middle leaves increased more than expected, while that 
of the apical leaves increased significantly. This finding 
suggests that the increase in photosynthetic rate of the 
apical leaves did not result solely from an improved 
microclimate, but rather from internal control, as was 
previously mentioned. This is also evident from Fig. 7, 
which shows the response of photosynthesis to increas-
ing PFD levels at the different leaf positions. Regarding 
the corresponding negative relationship between PFD 
and stomata! resistance (Fig. 3a), Raschke (1975) 
found that stomata respond to light indirectly by re-
sponding to the reduction in co2 concentration in the 
mesophyll as well as in the guard cells. Sheriff (1979) 
found that blue light is more effective than red light in 
causing stomata! opening or preventing stomata! clo-
sure. According to Smart, Smith & Winchester (1987) 
leaves in the centre of dense canopies receive light of 
low flux density in the photosynthetic waveband of 
400 nm to 700 nm and are also relatively enriched in 
the near infra red waveband. This might probably ex-
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TABLEl 
Correlation coefficients (r) between the different parameters measured at different leaf positions on the shoot. 
BUNCH LEA YES 
INDEPENDENTYARIABLE r, 
Rate of Photosynthesis (Pn) -0,70* 
Stomata! Resistance (r,) 
1 
* 
** 
Rate of transpiration (µg H 20/cm2/s) 
Significantly correlated at p ::::; 0,05 
Significantly correlated at p ::::; 0,01 
TI) 
r 
0,67* 
-0,93** 
BASAL LEA YES MIDDLE LEA YES 
r, T, r, T, 
-0,68* 0,73** -0,77** 0,90** 
-0,91 ** -0,92** 
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APICAL LEA YES 
r, T, 
-0,84** 0,38 
-0,67* 
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plain the high stomatal resistance values found for es- exerted the greatest effect on photosynthetic rates. Al-
pecially the basal and bunch leaves of the non-defo- though photosynthetic C02 assimilation is greatly de-
liated vines in contrast to that of the partially defoliated pendent on stomatal conductance under natural, am-
vines. bient CO, concentrations, Lange, Fuhrer & Gebel 
The PFD for the apical and middle leaves increased (19S6) also found an independence of stomatal conduc-
as the growth season progressed, while no definite ten- tance under saturating CO, partial pressures. The fac-
dency for the basal and bunch leaves could be found tors controlling non-stomatal limited CO, assimilation 
(Fig. 6b ). The increase in PFD at the first mentioned are, however, still to be established (Lange, Tenhunen 
leaf positions possibly resulted from a more open cano- & Beyschlag, 19S5). 
py structure, created by the elongation and orientation 
of the shoots on the trellising system (data not shown). 
The indefinite tendency found for the basal and bunch 
leaves could be the result of overshadowing in the cano-
py-interior, creating irregular light conditions. 
Percentage relative humidity: From Fig. Sa it is evi-
dent that percentage relative humidity at the leaf sur-
face generally increased upon leaf removal. This pro-
bably resulted from the higher rate of transpiration 
(Fig. 4a), which also coincides with the general decline 
in humidity as the growth season progressed (Fig. Sb). 
The corresponding negative relationship of relative hu-
midity with stomatal resistance (Fig. 3a & b) is in con-
trast to results obtained by Sepulveda & Kliewer (19S6) 
with Cardinal, Chardonnay and Chenin blanc vines. 
Although humidity was measured at the leaf surface, 
the decrease towards the centre of the canopy is in con-
trast to the concept of Smart (19S5), namely that trans-
piration by leaves and perhaps fruits can cause humid-
ity build-up in the centre of a dense canopy. 
Leaf temperature : No significant differences in leaf 
temperature (°C) between defoliation treatments could 
be found (data not shown). The higher transpiration 
rates found for the partial defoliation treatments (Fig. 
4a) possibly exerted a stabilizing effect on the leaf tem-
peratures, thereby preventing it from rising as would be 
expected. Leaf temperatures, which ranged from 
24,7°C to 30,7°C during the growth season, exhibited a 
general decrease towards the end of the growth season 
(Fig. 9). The temperature regime during the investiga-
tion approximated that needed for optimum photosyn-
thesis (Kriedemann, 1977; Alleweldt et al., 19S2; Kob-
let, 19S4). 
Correlation coefficients : In order to determine the 
relationship between rate of photosynthesis, stomatal 
resistance, and rate of transpiration, correlation coeffi-
cients were calculated (Table 1). Significant correla-
tions between photosynthesis, transpiration and stoma-
tal resistance were found for all leaf positions, except 
for the apical leaves in which case the former two were 
poorly correlated. According to Raschke (1975) a lack 
of proportionality between CO, exchange and transpi-
ration may result from the saturating effect of intercel-
lular CO, concentration on assimilation. Tan & Buttery 
(19S6) found a close relationship between rate of 
photosynthesis and stomatal conductance over a range 
of light levels as well as temperatures. Cowan (1972) 
also found stomatal oscillations to affect the ratios be-
tween CO, assimilation and transpiration, which may 
optimize the relationship between assimilation and 
growth. However, Downton, Grant & Loveys (19S7), 
Farquhar & Sharkey (19S2) and Hodgkinson (1974) 
stated that stomatal movements only marginally limit 
the rate of CO, assimilation. Hodgkinson (1974) con-
cluded that the resistance to CO, transfer between the 
intercellular spaces and fixation sites in the chloroplasts 
CONCLUSIONS 
Photosynthetic rate of the partially defoliated vines 
was higher than that of the non-defoliated vines, gener-
ally increasing with degree of defoliation. Apart from 
the poorer microclimate, the sink capacity of the non-
defoliated vines apparently did not weigh up to the 
s~m~ce capacity. Therefore, feedback inhibition by as-
similates and/or CO, at the carboxylation sites in the 
mesophyll might also have occurred, inhibiting the rate 
of photosynthesis. 
The apical leaves in all cases displayed the highest 
rate of photosynthesis, while the leaves opposite and 
below the bunches exhibited low photosynthetic rates, 
especially at veraison and ripeness stage. Photosynthet-
ic contribution of the leaves of all defoliation treat-
ments decreased as they were progressively situated 
deeper into the canopy. Therefore, as often occurs, 
measurements of the photosynthetic activities of in-
terior-canopy leaves alone can lead to an underestima-
tion of the photosynthetic capacity of the vine. More 
equally distributed photosynthetic rates in the canopies 
of the partially defoliated vines were found, especially 
in the region above the bunches. 
A general decline in the rate of photosynthesis oc-
curred as the growth season progressed and the leaves 
aged. It would seem that apical regrowth took place at 
ripeness stage. 
Generally, tendencies of stomata! resistance and 
transpiration rate coincided with that found for rate of 
photosynthesis. However, the latter two correlated 
poorly for the apical leaves, suggesting that photosyn-
thetic acitivity in that case was internally controlled. 
The transpiration : photosynthesis ratios might suggest 
a more effective utilization of CO, for the partially de-
foliated vines. 
Photon flux density and percentage relative humidity 
at the leaf surface increased upon partial defoliation, 
while leaf temperature showed no definite tendency. In 
general, tendencies of photon flux density and relative 
humidity related well to photosynthesis, stomata! re-
sistance and transpiration of the leaves at all different 
leaf positions. 
The results of this investigation suggest that excess 
vegetative growth is detrimental not only to interior-
canopy microclimate, but also to the photosynthetic 
rate of the entire vine. Partial defoliation seems to be 
an appropriate means of reducing the deleterious ef-
fects of vigorous growth on some physiological par-
ameters. 
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